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Executive Summary 

This workshop instructs attendees on how to run an 
end-to-end optimal Design of Experiments (DOE) workflow 
in R using the open-source skpr package.  This workshop is 
split into three sections: basic R usage, optimal design 
generation, and design evaluation. 

The workshop first provides basic instructions on how 
to use R, covering how to install packages, create different 
data structures, use loops, and ensure reproducibility by 
setting a random seed.  This short introduction to R gives an 
attendee the minimum set of skills they will need to use skpr 
in their DOE workflow. 

The workshop then explains how to use skpr to generate 
experimental designs, providing information on the various 
types of designs that can be generated using skpr (e.g., D-
optimal, I-optimal, and Alias-optimal designs) as well as the

experimental goals that each type of design is intended to best 
address (e.g., characterization, prediction, or screening). 

The final segment of the workshop covers design 
evaluation with skpr: how to determine whether an 
experimental design is adequate for the test at hand.  One of 
the primary ways to assess design quality is statistical power, 
which is a measure of whether a design can detect an effect 
if one truly exists.  The workshop provides information on 
how to perform statistical power calculations and how to use 
these calculations to efficiently allocate test resources.  
However, all power calculations are valid only if the tester 
uses specific analytical methods when analyzing their data 
after the test has been executed.  Thus, attendees also learn 
how their power analysis informs their actual final data 
analysis. 
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What you’ll learn from this talk

• The basics of using R (installing software/writing 
scripts/reading and writing data) and working in a reproducible 
workflow.

• How to generate optimal designs entirely in code using skpr. 
• How to use skpr’s design evaluation interface to easily 

calculate power for linear models as well as non-linear models 
(e.g., logistic regression).

• How your power analysis informs your actual data analysis.
• How to generate power versus sample size curves in only a 

few lines of code.
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Outline

1. Introduction to Design of Experiments/R/skpr
2. Optimal Design Generation
3. Evaluating Statistical Power
4. skprGUI



3

Outline

1. Introduction to Design of Experiments/R/skpr
2. Optimal Design Generation
3. Evaluating Statistical Power
4. skprGUI
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Why use R?
Why use DOE?

Why use optimal DOE?
Why use skpr for optimal DOE?
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Intro: Why use R?

• Purpose-built for statistics: R is a 
programming language that was designed 
to manipulate and analyze data.

• Reproducibility: Scripting your analysis can 
reduce human error and allow you to 
revisit and re-use old analyses for new 
projects.

• Unparalleled statistical capabilities: R has 
a massive repository of mature, well-
documented software libraries.

• Open source: It’s free and cross-platform 
(Windows/Linux/macOS).
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Intro: Why use Design of Experiments?

– Design of Experiments (DOE) is a branch 
of applied statistics that deals with 
planning, conducting, analyzing, and 
interpreting controlled tests.
– DOE enables you to design tests that 

investigate multiple factors in one 
experiment (i.e., avoiding inefficient “one 
factor at a time” testing).
– DOE provides the tester with an analytical 

framework to determine whether a test is 
good enough for their purpose (e.g., model 
selection, estimating effect sizes, 
optimizing the value of a response).
– A test strategy that employs DOE will 

provide the most power allocation of test 
resources for a given number of events.

vs
Ad-Hoc Testing

Design of Experiments
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Intro: Why use Optimal Design of Experiments?

–Traditional DOE designs are ideal for 
test programs that have flexibility on 
amount of test resources required 
and little to no test execution 
restrictions.
–But many real-world tests include 

non-ideal constraints.
o Example: Limited resources
o Example: Disallowed combinations
–Optimal DOE allows you 

algorithmically generate a design that 
is customized for your specific testing 
needs.
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What is an optimal design?

Optimal 
DOE

Classical 
DOE

• Classical DOE: A subset 
of optimal designs that 
can be found using 
analytic methods

• Ideal for experiments 
with no resource/factor 
constraints: many 
desirable properties

• Examples: Full Factorial, 
Fractional Factorial, 
Central Composite

• Downside: Limited 
flexibility

• Optimal DOE: Designs that optimize a 
particular desirable statistical criterion

• Versatile and efficient: Adapts to real-
world test conditions to find “best” 
design given constraints

• Examples: D-optimal, I-optimal, Alias-
Optimal designs

• Downside: Must be found 
algorithmically



9

Example: Comparing the performance of two dart players

Player A Player B

Uneven
Split

Even
Split

We have 20 darts to distribute: 
what’s the best way to allocate them 
between the two players to estimate 
who plays better?
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Example: Comparing the performance of two dart players

Player A Player B

Uneven
Split

Even
Split

We have 20 darts to distribute: 
what’s the best way to allocate them 
between the two players to estimate 
who plays better?
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Relevant Optimality Criteria Overview

D-Optimal I-Optimal Alias-Optimal

• D-optimal designs minimize 
the variance of the 
parameter estimates 

• Most useful for 
characterizing performance

• Generally, provides the 
“best” power across all 
parameter terms

• Tends to place most points 
on the edges of the design 
space

• I-optimal designs minimize 
the average prediction 
variance

• Most useful when you want 
good predictions across 
your design space, 
particularly if you want to 
model curvature

• Tends to allocate more 
points on the interior

• Alias-optimal designs 
minimize correlation between 
main effect and interaction 
terms

• Most useful when performing 
screening experiments

• Usually less power to 
estimate effect sizes, but can 
reduce overall resource 
requirements with sequential 
testing

Example:
2 factor model 
with quadratic 
terms and all 
interactions

Note: Here, 
the Alias-
optimal 
design is the 
same as D-
optimal 
design! 

Only difference 
here in inputs 
is design is I-
optimal—
resulting in 
more points 
allocated in the 
interior.
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Design Search Computational Difficulty

D-Optimal I-Optimal Alias-Optimal

• D-optimal designs minimize 
the variance of the 
parameter estimates 

• Most useful for 
characterizing performance

• Generally, provides the 
“best” power across all 
parameter terms

• Tends to place most points 
on the edges of the design 
space

• I-optimal designs minimize 
the average prediction 
variance

• Most useful when you want 
good predictions across 
your design space, 
particularly if you want to 
model curvature

• Tends to allocate more 
points on the interior

• Alias-optimal designs 
minimize correlation between 
main effect and interaction 
terms

• Most useful when performing 
screening experiments

• Usually less power to 
estimate effect sizes, but can 
reduce overall resource 
requirements with sequential 
testing

Example:
2 factor model 
with quadratic 
terms and all 
interactions

Note: Here, 
the Alias-
optimal 
design is the 
same as D-
optimal 
design! 

Only difference 
here in inputs 
is design is I-
optimal—
resulting in 
more points 
allocated in the 
interior.
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Example: Alias vs D-optimal
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Intro: Why use skpr for Optimal Design of Experiments?

–Designed by testers, for testers: We 
designed skpr to solve exactly the types of 
DOE analyses our test community faces.
–End-to-end solution for DOE: Easy 

interfaces for both design generation and 
power evaluation are included.
–Open source: It’s free! And you can easily 

download and audit the underlying code if 
you have questions about how it works. 
– In addition to the scripting interface, it 

includes an easy web-based graphical 
user interface to ease the learning curve 
for working with code.
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What you need to know about R (live demo)
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R Basics Summary

–Download software in R with 
`install.packages()`
–Create vectors with the `c()` combine 

function and using the assignment 
operator `=`
–Use `for` loops with lists
–Create data frames
–Use R’s formula interface 
–Use the R pipe `|>`
–Set a random seed with `set.seed()`
–Generate candidate sets with 

`expand.grid()` Learn more using this free e-book:
https://r4ds.had.co.nz/
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Using skpr for Design of Experiments
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skpr: Core functionality

• gen_design(): Optimal design generation 
• eval_design(): Parametric power evaluation
• eval_design_mc(): Monte Carlo power evaluation
• eval_design_survival_mc(): Monte Carlo power evaluation for survival models (censored data)
• eval_design_custom_mc(): Framework for the user to implement their own Monte Carlo power 

evaluation calculations
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skpr: Core functionality—what we’ll cover in this workshop

• gen_design(): Optimal design generation 
• eval_design(): Parametric power evaluation
• eval_design_mc(): Monte Carlo power evaluation
• eval_design_survival_mc(): Monte Carlo power evaluation for survival models (censored data)
• eval_design_custom_mc(): Framework for the user to implement their own Monte Carlo power 

evaluation calculations
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skpr: Plotting and functions to assist common workflows

• skprGUI(): A GUI wrapper to help support limited analyses and introduce users to the software
• plot_fds(): Generates fraction of design space plots
• plot_correlations: Generates correlation plots
• calculate_power_curves(): Automates the generation and creation of designs across a range of 

input factors to generate power vs sample/effect size curves
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Workflow in skpr

expand.grid() gen_design() eval_design()

eval_design_mc()

Step 1 Step 2 Step 3

Construct 
Candidate Set

Generate 
Optimal Design

Evaluate 
Statistical Power
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Alternative workflow in skpr

expand.grid()

Step 1 Step 2

Construct 
Candidate Set

Automate the Generation and 
Evaluation of Designs

calculate_power_curves()
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Outline

1. Introduction to Design of Experiments/R/skpr
2. Optimal Design Generation
3. Evaluating Statistical Power
4. skprGUI
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Example: Testing Synthetic Aperture Radar image quality

Factors: 

• Aircraft altitude: 10,000–30,000 ft

• Aircraft speed: 450–550 mph

• Scan mode: Scan, Spotlight, Strip

• Environment (hard to change): Urban, Desert

Continuous Response: NIIRS image quality (1–9 rating)

Binary Response: Operator can correctly classify aircraft (Yes/No)

NIIRS: National Imagery Interpretability Rating Scale

Example SAR modes

Image/table: Wade Schwartzkopf et al. (2022). "Radar Generalized 
Image Quality Equation Applied to Capella Open Dataset." 2022 IEEE 
Radar Conference (RadarConf22).

Image: Alberto Moreira et al. (2013). “A Tutorial on Synthetic Aperture Radar.” IEEE 
Geoscience and Remote Sensing Magazine 1, No. 1.  

Image: Sandia National Lab
www.sandia.gov/radar/images/ka_band_portfolio.pdf

Spot

Scan
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What are examples of constraints?

Disallowed CombinationsSafety Concerns Available Resources

Image source: U.S. State Department Image source: The Dawn Project
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gen_design() – Basic Functionality

Candidate Set Model
~ altitude + mode + speed

Trials
10

gen_design(candidateset = sar_test_points,
model = ~altitude + mode + speed,
trials = 10)

Inputs

Output

sar_test_points

Default is D-Optimal

altitude mode speed

10000 Scan 450

10000 Scan 500

10000 Scan 550

10000 Spot 450

10000 Spot 500

10000 Spot 550

30000 Scan 450

30000 Scan 500

30000 Scan 550

30000 Spot 450

30000 Spot 500

30000 Spot 550

Run altitude mode speed

1 10000 Spot 450

2 30000 Spot 550

3 30000 Scan 550

4 10000 Scan 550

5 30000 Scan 550

6 30000 Spot 450

7 10000 Scan 450

8 30000 Spot 450

9 10000 Scan 450

10 10000 Spot 550
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Designs generated using a point exchange algorithm
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Optimizing many random designs improves chance of finding true optimum



29

Generating Designs (live demo)
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Split-plot designs for hard-to-change factors

Environment 1:
Desert

Altitude: 30k
Mode: Scan
Speed: 450

Altitude: 10k
Mode: Scan 
Speed: 550

Altitude: 30k
Mode: Spot
Speed: 550

Altitude: 10k
Mode: Spot 
Speed: 450

Altitude: 10k
Mode: Scan 
Speed: 550

Altitude: 10k
Mode: Scan 
Speed: 550

Altitude: 30k
Mode: Spot 
Speed: 450

Altitude: 30k
Mode: Spot 
Speed: 450

Altitude: 30k
Mode: Spot 
Speed: 450

Altitude: 10k
Mode: Scan 
Speed: 550

Altitude: 30k
Mode: Spot 
Speed: 450

Altitude: 10k
Mode: Scan 
Speed: 550

Altitude: 10k
Mode: Scan 
Speed: 450

Altitude: 30k
Mode: Spot 
Speed: 550

Altitude: 30k
Mode: Scan 
Speed: 550

Altitude: 10k
Mode: Spot 
Speed: 450

Whole Plots
Sub-plots

Run 1:

Run 2:

Run 3:

Run 4:

5:

6:

7:

8:

9:

10:

11:

12:

13:

14:

15:

16:

Environment 2:
Urban

Environment 3:
Desert

Environment 1:
Urban
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Creating split-plot designs in skpr

4

4

4

4

4

4

4

4
• In skpr, split-plot designs are 

created in layers: first by generating 
an optimal design for the hardest to 
change factors, and then 
generating designs for the easier-
to-change factors, with the harder-
to-change design fixed.

• Any depth of split-plot structure is 
possible in skpr using this method 
(split-split-plot, split-split-split-plot, 
etc.).

• The user can specify their own 
block sizes or have skpr 
automatically generate blocks to be 
as balanced as possible.

Block
Size

Passed in 
via argument

splitplotdesign
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Outline

1. Introduction to Design of Experiments/R/skpr
2. Optimal Design Generation
3. Evaluating Statistical Power
4. skprGUI
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What is statistical power?

Type-I Error α
(probability of false positive)

“The new radar doesn’t detect any 
balloons entering our airspace.”

“The new radar indicates incoming
balloons!” 

Type-II Error β
(probability of false negative)

Statistical power: the probability that 
your experiment will find an effect 
(reject the null hypothesis) if one does 
exist (the null hypothesis is false). 

The acceptable Type-I error probability 
α is set by the tester ahead of time, 
while statistical power (1- β) is 
calculated from the design and 
other inputs.

Some inputs that affect power:
1. Design size (number of runs)
2. Design quality (optimality)
3. Type-I error rate (lower 

acceptable Type-I error 
probability = lower power)

4. Effect size (typically given as a 
signal-to-noise ratio)

5. Analysis methods (e.g., an 
exact binomial test versus 
logistic regression)
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Why 80% power?

• The selection of 80% power as a goal is not 
arbitrary: It is a decision about how we weigh the 
different types of statistical risks involved.

• Example: By setting the acceptable Type-I error 
rate to 0.05 (95% confidence) and the acceptable 
Type-II error rate to 0.20 (80% power), we are 
saying we believe a false positive (e.g., the 
results say the system meets requirements when 
in reality it does not) is 4x worse than a false 
negative (e.g., the results say the system fails 
when in reality it meets its requirements).

• Example: By setting the acceptable Type-I error 
rate to 0.20 (80% confidence) and the acceptable 
Type-II error rate to 0.20 (80% power), we are 
saying we consider a false negative and a false 
positive to be equally important.

Image: https://commons.wikimedia.org/wiki/File:Statistical_test,_significance_level,_power.png
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What is effect size?
• For linear models, an effect size is a signal-

to-noise ratio (SNR): the ratio of a 
meaningful effect you are trying to detect 
with the expected intrinsic run-to-run 
variability of the response.

• Example: NIIRS rating
• For non-Gaussian generalized linear 

models, your effect size is given as 
the following:
– Binomial: Odds ratios (or equivalently, a low and 

high probability which are converted to odds ratios)
– Poisson: Number of events (e.g., one false 

classification per scan vs four false classifications)
– Exponential: Rates (e.g., one failure per hundred 

operator hours vs four failures per hundred 
operating hours)

• Example: SAR imagery correct 
classification probability

SAR image from Sandia National Laboratories

NIIRS 5*

* Value assigned as an example: no actual NIIRS analysis was performed

NIIRS: National Imagery Interpretability Rating Scale
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What is effect size?
• For linear models, an effect size is a signal-

to-noise ratio (SNR): the ratio of a 
meaningful effect you are trying to detect 
with the expected intrinsic run-to-run 
variability of the response.

• Example: NIIRS rating
• For non-Gaussian generalized linear 

models, your effect size is given as 
the following:
– Binomial: Odds ratios (or equivalently, a low and 

high probability which are converted to odds ratios)
– Poisson: Number of events (e.g., one false 

classification per scan vs four false classifications)
– Exponential: Rates (e.g., one failure per hundred 

operator hours vs four failures per hundred 
operating hours)

• Example: SAR imagery correct 
classification probability

SAR image from Sandia National Laboratories (modified for example)

NIIRS 4*

* Value assigned as an example: no actual NIIRS analysis was performed

NIIRS: National Imagery Interpretability Rating Scale
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What is effect size?
• For linear models, an effect size is a signal-

to-noise ratio (SNR): the ratio of a 
meaningful effect you are trying to detect 
with the expected intrinsic run-to-run 
variability of the response.

• Example: NIIRS rating
• For non-Gaussian generalized linear 

models, your effect size is given as 
the following:
– Binomial: Odds ratios (or equivalently, a low and 

high probability which are converted to odds ratios)
– Poisson: Number of events (e.g., one false 

classification per scan vs four false classifications)
– Exponential: Rates (e.g., one failure per hundred 

operator hours vs four failures per hundred 
operating hours)

• Example: SAR imagery correct 
classification probability

SAR image from Sandia National Laboratories (modified for example)

NIIRS 3*

* Value assigned as an example: no actual NIIRS analysis was performed

NIIRS: National Imagery Interpretability Rating Scale
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Parameter power and effect power refer to different analysis methods

Parameter Power Effect Power

• Power when fitting a regression model 
and estimating significance for each 
model term

• For categorical factors with dummy 
encoding, regression allows you to  
determine which factor level is 
significant, compared to a reference level 
(e.g., Mode 2 has a significant 
performance impact on the system 
compared to Mode 1, while Mode 3 
does not)

• Power when performing an ANOVA or a 
Likelihood Ratio Test (comparing two 
models, one with and one without each 
term) and estimating if the difference 
between the two models is significant

• For categorical factors, this type of 
analysis does not provide you with 
information on what specific levels are 
or are not significant—only that the term 
itself has a significant effect on the 
response
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2-for-1 deal: A power analysis effectively is your analysis plan

ResponseResponse InputsInputs R FunctionR Function

eval_design_mc()

Gaussian

No Blocking lm()lm()

BlockingBlocking lmer()lmer()

Binomial

No Blocking

No Firth Correction glm(family = 
"binomial")

glm(family = 
"binomial")

Firth Correction glm(family = "binomial, 
method = "firthglm.fit"")
glm(family = "binomial, 
method = "firthglm.fit"")

BlockingBlocking glmer(family = 
"binomial")

glmer(family = 
"binomial")

Poisson

No Blocking glm(family = 
"poisson")

glm(family = 
"poisson")

BlockingBlocking glmer(family = 
"poisson"

glmer(family = 
"poisson"

Exponential

No Blocking glm(family = 
Gamma(link="log"))

glm(family = 
Gamma(link="log"))

BlockingBlocking glmer(family = 
Gamma(link="log"))

glmer(family = 
Gamma(link="log"))

eval_design ()

Response Inputs R Function
• While certain design metrics (like 

D-optimality) are independent of 
the planned analysis methods, 
statistical power is not!

• Your power values depend on 
your analysis method, so you 
need to make sure the 
assumptions you make during the 
power analysis match what you 
plan to do with the actual data.

• Thankfully, you don’t have to try to 
memorize this chart: skpr prints 
the R function/analysis method 
used along with the power output.

skpr function
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Some statistical methods are more powerful than others

• Using one method to calculate power and a 
different method for your actual analysis can 
lead to inaccurate power results.

• Inaccurate power results may lead to oversized 
or undersized tests, wasting resources, time, 
and money.

Example: Logistic regression versus exact 
binomial test
• Base Probability: 0.75
• Threshold Probability: 0.9
• Alpha = 0.2
Sample size required for 80% power:
• Exact binomial test: 15 runs
• Logistic regression: 110 runs 



41

eval_design() – Basic Functionality

Design Model
Y ~ altitude + speed + mode

Alpha
0.2

eval_design(design = sar_design,
model = ~altitude + speed + mode
alpha = 0.2)

altitude speed mode

10000 450 scan

30000 550 scan

10000 550 scan

10000 550 spotlight

10000 450 spotlight

30000 450 strip

30000 550 strip

10000 550 strip

30000 450 spotlight

10000 450 strip

Inputs

Output
sar_design
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Evaluating Designs (live demo)
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eval_design_mc(): No need to approximate when you can simulate

• Calculating power for anything more complex than a non-blocked 
design with a normal response requires making approximations.

• Those approximations tend to fail at low numbers of runs (where 
power matters most).

• In many cases, no approximations exist.
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eval_design_mc() – Basic Functionality

Design Model
Y ~ altitude + speed + mode

Alpha
0.2

eval_design(design = sar_design,
model = ~altitude + speed + mode
alpha = 0.2
nsim = 10000,
glmfamily = “gaussian”)

altitude speed mode

10000 450 scan

30000 550 scan

10000 550 scan

10000 550 spotlight

10000 450 spotlight

30000 450 strip

30000 550 strip

10000 550 strip

30000 450 spotlight

10000 450 strip

Inputs

Output
sar_design

nsim
10000

glmfamily
gaussian
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Outline

1. Introduction to Design of Experiments/R/skpr
2. Optimal Design Generation
3. Evaluating Statistical Power
4. skprGUI
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skprGUI (live demo) 



47

Summary: A DOE Checklist

1. Determine if you’re more interested in characterization 
(D-optimal), prediction (I-optimal), or screening (Alias-
optimal).

2. Increase the number of repeat design searches when 
your factor space is complex (large or has disallowed 
combinations).

3. Generate power curves to understand the trade-off space 
between model complexity, effect size, and sample size.

4. Use Monte Carlo methods for your final estimate of power 
for more robust and accurate estimates, especially if you 
are working with unbalanced designs, generalized linear 
models, or models with blocking/random effects.

5. Once you have your power estimates, run Monte Carlo 
power calculations with the null hypothesis to ensure 
Type-I error is not inflated (estimated power is 
approximately equal to alpha). 

6. Ensure that you know how your power estimates 
were calculated, and use those same methods in your 
final analysis!
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Resources
• Install R:

https://www.r-project.org/
• Install RStudio:

https://www.posit.co/downloads/
• Read R for Data Science:

https://r4ds.had.co.nz/
• skpr GitHub (source code + latest releases): 

https://www.github.com/tylermorganwall/skpr
• skpr Journal of Statistical Software paper: 

https://www.jstatsoft.org/article/view/v099i01
• skpr Shiny app:

https://www.testscience.org
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Extra Slides
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eval_design_survival_mc: Censored power calculations

Design Model
Y ~ size + type + temp

Alpha
0.2

eval_design_survival_mc(design = sar_design,
model = ~size + type + temp,
alpha = 0.2,
censorpoint=5,
censortype=“right”,
distribution= “exponential”)

Inputs

Output

sar_design
distribution
exponential

Censor Point

Censor Type

5

right
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Optimality Criteria

Blocked/Split-Plot Designs
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